Abstract. In several mammalian species, including mice, round spermatids have been used to produce normal offspring by means of microinsemination techniques. In this study, we examined whether mouse round spermatids retrieved from immature testes undergoing the first wave of spermatogenesis had acquired fertilizing ability comparable to cells from mature adults. Microinsemination with round spermatids was performed by direct injection into preactivated oocytes, as previously reported. About 60-85% of the successfully injected oocytes developed to the morula/blastocyst stage after 72 h in culture, irrespective of the age of the males (17-25 days old). After embryo transfer, normal pups were obtained from all age groups, including the day-17 group, the stage at which the first round spermatids appeared. A high correlation (r=0.90) was found between the birth rate and male age (P<0.01, Spearman rank correlation), indicating that the efficiency of producing offspring was dependent on the age of the donor males. Imprinted genes (H19, Igf2, Meg3, and Igf2r) were expressed from the correct parental alleles (maternal, paternal, maternal, and maternal, respectively) in all (n=12) day-9.5 fetuses derived from day-20 spermatids. These results clearly indicate that at least some first-wave spermatogenic cells have a normal haploid genome with the correct paternal imprint and are capable of supporting full-term embryo development, as do mature spermatozoa from adults. The use of male germ cells from immature animals may save time in the production of inbred/congenic strains and rescue male-factor infertility of early onset. Key words: Microinsemination, Spermatogenesis, Spermatid, Genomic imprinting, Mouse (J. Reprod. Dev. 50: [131][132][133][134][135][136][137] 2004) icroinsemination, also called intracytoplasmic sperm injection (ICSI), is a technique that is used to deliver spermatozoa directly into oocytes with micromanipulation devices. This technique has provided invaluable information on several biological and molecular aspects of mammalian fertilization that could never be achieved by conventional in vitro fertilization (IVF). With ICSI, i t w a s fi r s t d em o n s t r at e d t h a t s p er m -e g g membrane fusion can be bypassed for normal fertilization and subsequent embryo development [1] [2] [3] . With recent technical advances, immature sperm cells (spermatogenic cells) at certain stages in the testes have also been used to construct
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The microinsemination experiments undertaken to date have used spermatozoa or spermatogenic cells collected from mature testes. In mammals, spermatogenesis starts shortly before puberty, and the first-wave spermatogenic cells undergo meiosis and subsequent spermiogenesis in an environment that is endocrinologically and structurally different from that of the mature testis. Many of them die at the spermatocyte stage because of a phase of increased apoptosis, which is thought necessary for maturation of the seminiferous epithelium [12] . T h e f i r s t -w a v e s p e r m a t o g e ni c c e ll s n e v er participate in fertilization during the normal course of sex maturation, and IVF with these cells is usually very inefficient [13] . Therefore, there is the question of whether male gametes from first-wave spermatogenesis are biologically equivalent to those from adults. In this study, we used the microinsemination technique to examine whether mouse round spermatids retrieved from immature testes have already acquired fertilizing ability comparable to cells from mature testes.
Materials and Methods

Collection of oocytes
Mature oocytes were collected from the oviducts of B6D2F1 females (SLC Co., Shizuoka, Japan) that were induced to superovulate with 7.5 IU equine chorionic gonadotropin (eCG) followed 48 h later with 7.5 IU human chronic gonadotropin (hCG). They were placed in KSOM medium [14] and treated with 0.1% bovine testicular hyaluronidase until the cumulus cells dispersed. The oocytes were placed in drops of KSOM, covered with mineral oil (Nacalai, Tokyo, Japan), and kept in plastic dishes (Falcon No. 1008, Becton Dickinson, NJ, USA) under 5% CO2 in air, at 37 C until use.
Collection of spermatogenic cells
Spermatogenic cells were mechanically isolated from the seminiferous tubules of ICR (Clea Japan, Tokyo, Japan) or JF1 (M. m. molossinus) males at 16-25 days of age, as described previously [15] . The cell suspension was washed by centrifugation twice and stored in Dulbecco's phosphate-buffered saline containing 5.6 mM glucose, 5.4 mM sodium lactate, and 0.5% bovine serum albumin (BSA, fraction V, Calbiochem, CA, USA) [15] at 4 C for up to 4 h.
Microinsemination with round spermatids
Identification and injection of round spermatids were performed as previously reported [16] . About 60 min before spermatid injection, oocytes were activated by treatment with Ca 2+ -free KSOM containing 5 mM SrCl2 for 20 min. The spermatid nucleus, together with a small volume of the cytoplasm, was injected into oocytes advancing to t e l o p h a s e I I b y u s i n g a P i e z o -d r i v e n micromanipulator. All the procedures were performed at room temperature (24-26 C). The i n j e c t e d o o c y t e s w e r e t h e n k e p t a t r o o m temperature for about 10 minutes before they were incubated at 37 C. Oocytes that survived injection were cultured at 37 C under 5% CO2 in air.
Embryo transfer
Embryos that reached the morula/blastocyst stage by 72 h in culture were transferred into pseudopregnant ICR females (8 to 12 weeks old) on day 2.5. Some four-to eight-cell-stage embryos were tra nsferred into the oviducts o f day-1 recipient females after 48 h in culture. On day 19.5, the recipient females were examined for the presence of fetuses, and live pups were nursed by lac tating IC R fem ales . So me fem ales w ere sacrificed at day 9.5 to collect fetuses and placentas for gene expression analysis.
Allele expression analysis of imprinted genes
T o s ee t h e pat er na l im pr in t ing s t a tu s o f sperma tids used for m icroinsemination, we per form ed an allele expres sio n an alys is o f imprinted genes in fetuses and placentas generated by an intersubspecies cross, i.e., B6D2F1 oocytes × JF1 spermatids. Polymorphisms of three imprinted genes (H19, Igf2, and Meg3) and one imprinted gene (Igf2r) between B6D2F1 and JF1 were detected by restriction fragment length polymorphism (RFLP) and length polymorphism (LP), respectively. Total RNA extraction from fetal and placental tissues, cDNA synthesis, and RT-PCR with appropriate p r i m e r s e t s w e r e p e r fo r m ed a s d e s c r i b e d previously [17] .
Results
In vitro development of spermatid-injected oocytes
Ro und spermatids were identified in the spermatogenic cell suspension retrieved from testes a t d a y 1 7 a n d o l d e r , b u t n o t a t d a y 1 6 . Conventional histological examination confirmed this finding (Fig. 1) . Therefore, we performed microinsem ination experiments with ro und spermatids from day 17-25 males, together with round spermatids from adults as controls. Most (> 90%) oocytes treated with Sr 2+ reached telophase II with a half-protruding second polar body within 60 min. After they had been injected with round spermatids, about 80-90% of the oocytes survived and s ubs equently fo rm ed fem ale and m ale pronuclei. The rates of cleavage and development to the morula/blastocyst stage were consistent throughout the experiments, ranging from 78 to 98% and 60 to 85%, respectively (Table 1) .
In vivo development of spermatid-injected oocytes
After transfer into the oviducts or uteri of recipient females, about 20-35% of the embryos underwent implantation, irrespective of the age of the males used (Table 1) . At term, normal pups were obtained from each age group, including day-17 males (Table 1, Fig. 2) , the stage at which the first round spermatids appeared. Two pups (females) derived from day-17 ICR spermatids grew into normal adults and were proven fertile by natural mating. The rate of development to term per embryo transfer was very low with younger males. Then we arcsin transformed the birth rates and examined whether there was any correlation with male age. A high correlation (r=0.90) was found between the birth rate and male age (P<0.01, Spearman rank correlation) (Fig. 3) , indicating that the efficiency of producing offspring from firstwave round spermatids was dependent on the age of the donor males.
Allele expression analysis of imprinted genes
To analyze imprinted gene expression, we performed round spermatid injection with JF1 males at 17, 19, 20, and 21 days of age. Term offspring were obtained from day-20 spermatids, but not from day-17, -19, or -21 spermatids. We examined the active alleles of three imprinted genes (H19, Igf2, and Meg3) in the term placenta derived from day-20 spermatids. All (n=4) the placentas expressed the correct allele of these three imprinted genes (maternal, paternal and maternal, respectively) (data not shown). Since it was possible that only fetuses with normal imprinted gene expression reached term, we extended our analysis to fetuses at day 9.5, the stage to which some fetuses may survive even with aberrant genomic imprinting, as seen in the development of parthenogenetic or androgenetic fetuses [18] . We examined twelve fetuses, including those with developmental retardation, and found that four imprinted genes (H19, Igf2, Meg3 and Igf2r) were correctly expressed from each parental allele in all of the fetuses examined ( Table 2 , Fig. 4 ).
Discussion
This study examined whether the ability of firstwave spermatogenic cells to fertilize oocytes and to support embryo development is comparable to that of cells from mature testes. After injection with first-wave round spermatids, some oocytes were successfully fertilized and subsequently developed into normal term offspring. Even with day-17 spermatids, the first haploid gametes to appear in newborn male mice, we obtained two normal pups that grew into fertile adults. These findings clearly i n d i c a t e th a t a t l e a s t s o m e f i r s t -w a v e spermatogenic cells have a fully functional genome, d e sp i t e th e d i f f e r e n c e i n t h e t e s t i c u l a r environments of prepubertal and adult animals. But efficiency, as measured by embryos that developed to term, was low when the youngest spermatids were used. It is important to determine whether this has a biological or technical cause.
If the younger round spermatids have a normal chromosomal constitution, as do older round spermatids, their poor developmental competency m i gh t b e du e t o e pi ge n et i c fac t o rs . F et a l development is significantly affected by parentspecific epigenetic memory (genomic imprinting) [19] . This parent-specific memory is marked for c e r t a i n g e n e s ( i m p r i n te d g e n e s ) d u r i n g gametogenesis. A previous microinsemination study revealed that round spermatids from adult testes had a genomic imprinting status similar to that of mature spermatozoa [20] . The exact stage at wh ich pat ern al i mpr int ing is co m plet ed is unknown, but analysis of the DNA methylation pattern of differentially methylated regions (DMRs) of a paternally imprinted (methylated) gene, H19, suggested that paternal genomic imprinting occurs in primordial germ cells from day 15.5 or 16.5 of pregnancy [21, 22] . Therefore, it Results from ICR males and JF1 males were combined because the timing of the first wave spermatogenesis was the same for these strains. **Morulae and blastocysts. ***Some of the embryos were transferred at the 4-to 8-cell stages after 48 hr in culture. Fig. 3 . The birth rates after the transfer of embryos derived from microinsemination with first-wave spermatids o f d i ff e re n t a g e s . T h e va l u e s a ft e r a r cs i n t ra n sform a t io n ar e sh own . T her e i s a h ig h correlation between the birth rate and the age of the donor males (r = 0.90, Spearman rank correlation).
is very probable that paternal imprinting memory h a s b e e n c o m p l e t e d i n f i r s t -w a v e r o u n d spermatids, which appear about three weeks after the initiation of the paternal imprint. Our allele expression analysis of paternally imprinted genes (H19, Igf2, and Meg3) supported this assumption, because all the day-9.5 fetuses derived from day-20 spermatids expressed the correct alleles (maternal, paternal, and maternal, respectively). A maternally imprinted gene (Igf2r) was also expressed correctly. Therefore, it is unlikely that incomplete genomic i m p r i n t i n g a f f e c t s t h e p o s ti m p l a n t a ti o n development of embryos derived from first-wave round spermatids. T he po pula tion of r ound s perm atids w as relatively small in younger testes, as compared 
with that of older testes. Therefore, when these younger males were used as donors, small cells other than round spermatids would be more likely to be identified erroneously and injected into oocytes. When we selected presumptive round spermatids from cell suspensions at day 17 and from adults, the accuracy as determined by the haploid chromosomal constitution within MII oocytes was 63% (12/19) and 89% (33/ 37), r e s p e c ti ve l y ( u n p u b l i sh e d d a ta ) . I n o u r supplemental experiments, oocytes injected with cumulus cells instead of spermatids developed into morulae/blastocysts at a rate comparable to that of spermatid-derived embryos. After transfer, these 3n embryos induced the implantation reaction (decidualization), although the embryo proper, if any, was developmentally retarded (unpublished). This developmental pattern is similar to that found in this study, because embryos from younger males showed poor development to term, but showed n o r m a l d e v e l o p m e n t u n t i l i m p l a n t a t i o n . Therefore, it is probable that technical factors, such as erroneous cell identification, are involved, at l e a s t t o s o m e e x t e n t , i n t h e p o o r in v iv o development of embryos derived from younger first-wave round spermatids. Our results have a practical implication in mouse g en et i c s . O n e o f t h e g en er al pu r po s es o f microinsemination techniques is the production of offspring from infertile males that cannot be rescued with conventional IVF [4] . Recently, the number of mouse strains has been increasing due to the production of new transgenic/knockout mouse strains. These genetically engineered mice may carry expected or unexpected disorders that lead to spermatogenesis failure. The use of male germ cells from immature males may rescue early-onset malefactor sterility due to spermatogenic arrest from idiopathic causes or secondary to a poor systemic condition. Furthermore, the fact that healthy fertile offspring can be obtained by microinsemination with spermatids from prepubertal males indicates that generation turnover can be accelerated during inbreeding or serial back crossing. In the mouse, each generation takes at least 3 months. With conventional superovulation, oocytes can be collected from prepubertal females at 25-30 days of age [23] . If these precociously ovulated oocytes can be fertilized with first-wave spermatids, the generation time can be shortened to 45-50 days (adding a 20-day gestation), about half of the normal generation time. To make such a technique mo re pr ac tica l, we need to underst and t he biological and physical nature of oocytes and spermatogenic cells from different inbred strains, w h i c h w i l l b e a n i n t e g r a l p a r t o f f u t u r e microinsemination studies in the mouse.
